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1.0 INTRODUCTION 
Th i s  document c o n s t i t u t e s  t he  f i n a l  r e p o r t  on an exper imental  pro-  
j e c t  e n t i t l e d  "Truck T i r e  T rac t i on "  conducted by t he  Highway Sa fe ty  
Research I n s t i t u t e  o f  The U n i v e r s i t y  o f  Michigan under Subcontract  Number 
S8101 1:o t h e  Calspan Corporat ion.  The p r o j e c t  e n t a i l e d  t h e  conduct o f  
t r u c k  t i r e  t r a c t i o n  measurements us ing  an over- the-road dynamometer as 
p a r t  o f  a  round-rob in  t e s t i n g  program being d i r e c t e d  by Calspan under 
t h e i r  pr ime con t rac t ,  Number DTNH-22-80-C-07093, w i t h  t h e  Nat iona l  Highway 
T r a f f i c  Sa fe ty  Adm in i s t r a t i on  o f  t he  U.S. Department o f  T ranspor ta t ion .  
Tests  were conducted us ing  t h e  H S R I  Mobi le  Truck T i r e  Dynamometer 
on se l  elcted aspha l t  and concrete  pavement sec t ions  a t  t h e  T ranspor ta t ion  
Research Center o f  Ohio. A sample o f  e i g h t  t e s t  t i r e s  were subjected t o  
a  sequence o f  l o n g i t u d i n a l  and l a t e r a l  s l i p  cond i t i ons  on each o f  t he  two 
sur faces.  I n  a d d i t i o n  t o  t h e  e i g h t - t i r e  sample, f i v e  t e s t  sequences were 
performed on c o n t r o l  t i r e s  a t  p e r i o d i c  p o i n t s  i n  t he  program. Data were 
c o l  l e c t e d  on analog magnetic tape du r i ng  t h e  f i e l d  opera t ions  and 1  a t e r  
processed, i n  d i g i t a l  form, t o  produce condensed measures o f  t r a c t i o n  
behav ior .  
The r e p o r t  con ta ins  a  d e s c r i p t i o n  o f  t h e  t e s t  dev ice,  i n  Sec t ion  
2.1 , and out1 i nes  t he  da ta  c o l l e c t i o n  and process ing procedures i n  
Sect ions 2.2 and 2.3, r e s p e c t i v e l y .  The processed l o n g i t u d i n a l  t r a c t i o n  
da ta  a re  presented i n  Appendix A  and t he  l a t e r a l  t r a c t i o n  data a r e  pre-  
sented i n  Appendix B. 
2.0 METHODOLOGY 
Traction t e s t s  were conducted during June and July, 1981, according 
t o  a set  of t e s t  procedures which duplicated those performed during a 
previous NHTSA-sponsored study.* The t e s t  program involved the exercise 
of longitudinal and lateral  s l ip  sequences on each of eight t i r e  speci- 
mens, with five control t i r e  t e s t s  being run in a pattern which meshed 
with the eight- t i re  sample. The t e s t  machine, the HSRI Mobile Truck 
Tire Dynamometer, was se t  u p  f i r s t  in the configuration for  making the 
longitudinal traction t e s t s  on the t i r e  sample, and three weeks l a t e r ,  
was operated in the 1 ateral traction configuration for  testing the sample. 
The t e s t  machine i s  described in Section 2 .1  followed, in Section 2.2, by 
a description of the t e s t  procedure. 
The data were coll ected in the f ie ld on FM analog tape and were 
l a t e r  transcribed t o  digital  format for processing. The data processing 
technique i s  described in Section 2.3. 
2 .1  Mobi 1 e Traction Measurement Apparatus 
The HSRI mobile dynamometer i n  i t s  current stage of development 
consists of a tractor-semitrailer vehicle which permits investigation of 
either longitudinal or la teral  traction character is t ics  of heavy truck 
t i r e s .  The system permits measurement of longitudinal properties by way 
of the trailer-configured dynamometer as i t  i s  towed and serviced by the 
instrumented tractor.  Mounted on the same t rac tor  i s  a structure support- 
ing a la teral  traction measurement system, as diagrammed in the plan view 
of Figure 1 .  Each t e s t  system i s  basically designed to expose a truck 
t i r e  specimen to a set  of operating conditions which cover the ful l  range 
of possible loads, velocities,  longitudinal or angular s l i p ,  and pavements 
such as can be encountered under e i ther  normal or emergency situations on 
the highway. 
The longitudinal traction dynamometer, shown in Figure 2 ,  i s  a welded 
t r a i l e r  structure of pipe and plate sections, designed for  economy of 
construction and for s t i f fness .  The t e s t  wheel i s  si tuated approximately 
a t  the t r a i l e r  center-of-gravity position and i s  supported by a 
*P.L. Boyd, A . H .  Neill,  J r . ,  and J.A. Hinch, "Truck Tire Cornering and 
Braking Traction Study," Final Rept. , Contract No. NHTSA-9-6227, 




para1 1  elogram suspension. Th i s  suspension c o n f i g u r a t i o n  , shown i n  F igure  
3, de r i ves  f rom at tempts  t o  achieve t h r e e  fundamental q u a l i t i e s  i n  a  
mob i le  t r a c t i o n  measurement machine; namely, 
1) t h e  e l i m i n a t i o n  o f  k inemat ic  i n t e r a c t i o n s  between t h e  
loads app l i ed  t o  t he  t e s t  wheel and r e s u l t i n g  shear f o r ces  
and moments, 
2 )  t h e  employment o f  a  low-spr ing  r a t e  l oad ing  mechanism (an 
a i r  sp r i ng ) ,  t o  assure t h e  a t ta inment  o f  t h e  des i r ed  load  
l e v e l s  wh i l e  n e i t h e r  ( a )  s a c r i f i c i n g  f requency response i n  
t h e  v e r t i c a l  degree o f  freedom o f  t he  t e s t  wheel, no r  ( b )  
imposing a  s i g n i f i c a n t  through-coupl ing o f  t h e  v i b r a t i o n s  
o f  t h e  founda t ion  v e h i c l e  t o  t h e  t e s t  wheel, and 
3 )  t h e  m in im i za t i on  o f  t he  va lue o f  t h e  "unsprung" mass, i .e . ,  
t h e  mass which i s  d isp laced  w i t h  t h e  v e r t i c a l  mot ion o f  
t h e  t e s t  wheel s p i n  a x i s .  
The pa ra l l e l og ram l i nkage  suspension i s  thus p rov ided  t o  assure k inemat ic  
i s o l a t i o n  o f  f o r ces  w h i l e  assur ing  a  zero i n c l i n a t i o n  (camber) o f  t he  
t e s t  wh~eel plane. 
The use o f  an a i r  s p r i n g  l o a d i n g  mechanism permi ts .  a  c o n t r o l l a b l e  
v e r t i c a l  l oad  c o n d i t i o n  and, i n  t h e  case o f  t h e  HSRI  machine, imposes a  
nomina l l y  350 I b / i n  coup1 i n g  between t h e  t r a i l e r  and t h e  t e s t  wheel--whi le 
ope ra t i ng  a t  a  comnon mid-range l o a d  o f  5000 l b ,  F,. A t  h i ghe r  loads,  t h e  
s p r i n g  r a t e  r i s e s  t o  a  maximum va lue  o f  1000 1  b / i n  a t  a  l oad  of 20,000 
l b s ,  w h i l e  t h e  s p r i n g  r a t e ,  o f  course, d im in ishes  t o  ze ro  a t  zero i n f l a -  
t i o n  o f '  t h e  a i r  sp r ing .  These s p r i n g  r a t e s  c o n t r a s t  w i t h  cor responding 
l e a f  suspension r a t e s  o f  t r ucks  which a r e  f i v e  t o  t h i r t y  t imes s t i f f e r  a t  
comparabl e  r a t e d  wheel 1  oads. 
The bas ic  des ign p r i n c i p l e  behind a i r  s p r i n g  load ing ,  then, i s  t h a t  
t h e  machine incorpora tes  a  r e l a t i v e l y  " s o f t "  l o a d i n g  member (which i s  a l s o  
v i r t u a l l y  f r i c t i o n l e s s )  and thereby a t t a i n s  f e a t u r e s  which serve t o  
enhance t he  q u a l i t y  o f  t he  v e r t i c a l  l o a d  c o n d i t i o n  which i s  imposed upon 
t h e  t e s t  t i r e .  Wi th  such a  mechanism, i t  i s  then  s t r a i g h t f o r w a r d  t o  
\ 
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Figure 3. Test wheel suspension layout in the longitudinal traction 
measurement assembly. 
obtain precision selections or vertical load through the use of commer- 
c ia l ly  available precision regulators. 
The unsprung mass which i s  associated with the vertical degree of 
freedom of the t e s t  wheel on the HSRI machine weighs 1850 I bs, when out- 
f i t t ed  with a 10.00 x 20 load range F t i r e  and the corresponding 20 x 7.50 
disc wheel rim. By such a configuration, the "wheel hop" system indicates 
a natural frequency of approximately 5 Hz (for  an effective radial spring 
ra te  o f  the t i  re of 5000 I b/in) . In general , a high-frequency wheel hop 
system permits a minimal vertical load fluctuation as the t i r e  follows 
the varying profile of the t e s t  surface. In the design of HSRI's longi- 
tudinal force dynamometer, the "qual i ty" deriving from a reduced s ize of 
the unsprung mass was comprised with the obvious needs of strength, s t i f f -  
ness, and economy of construction of the wheel support assembly. The 
longitudinal force, F,, vertical load, F, and brake torque, T b y  are 
transduced by way of a serial  -mounted load c e l l .  These signals, together 
w i t h  wheel angular velocity and vehicle velocity, consti tute the primary 
data channels for the machine. 
The nominal pitch and jounce trim of the HSRI t r a i l e r  are controlled 
through the use of self-leveling a i r  suspensions on both the t r a i l e r  rear 
axle arid the tractor rear tandem. Thus, as a given vertical load i s  trans- 
ferred from the two respective axle sets  t o  the t e s t  wheel, through infla- 
tion of the t e s t  wheel a i r  spring, the t ractor  and t r a i l e r  leveling systems 
adjust t o  a running equilibrium a t  which the t r a i l e r  assumes i t s  design 
trim alt i tude. The use of a i r  suspensions on both ends of the t r a i l e r  also 
contributes to  attenuation of ride motions, thus further assuring qual i ty 
in the vertical load condition. 
The t e s t  t r a i l e r  i s  capable of mounting any t i r e  in the 20-inch rim 
size,  a~nd  above, which i s :  
a,) less than 46 inches in free diameter, and 
b)  18 inches or less in maximum section width. 
Tires can be loaded t o  a maximum level of 20,000 1 bs, a1 though, t o  date,  
brake torque 1 imitations have prevented the lockup of t i r e s  on high 
fr ic t ion surfaces a t  loads exceeding about 15,500 lbs.  
The 1 ateral traction dynamometer shown schematical ly in Figure 4 
mounts two t i r e  samples on opposing steerable spindles outboard of the 
t r ac to r ' s  wheel tracks. The two t i r e s  are "toed-in" together by an 
electrohydraul ic  servo system covering a sl  ip angle range from - l o  to 
+30°. The t e s t  wheel spindles are mounted upon a solid cross-axle which 
i s  constrained by a single longitudinal pivot pin. 
The pin i t s e l f  i s  fastened within a cage which can move only vert i -  
cal ly ,  as constrained by a set  of four ball-spl ine bearings. The ver- 
t ically-"floating cage" i s  then loaded through inflation of a se t  of a i r  
springs. This machine thus incorporates a suspension designed to maximize 
the three "fundamental virtues" of mobile measurement described earl ier-- 
b u t  for the more compl icated case in which two t i r e s  are needed t o  achieve 
a side force equilibrium on the foundation vehicle. Clearly, the "pivot 
axle" arrangement provides for a load equalization between both t i r e s  
while also providing a higher frequency response t o  road profile irregu- 
l a r i t i e s  which are  uncorrelated, side-to-side. The "floating cage" pro- 
vides the needed kinematic isolation of the vertical load from forces in 
the ground plane by virtue of i t s  rect i l inear  an t i f r ic t ion  constraints. 
The a i r  spring loading configuration again provides for  precision load 
selection while incorporating a low spring ra te  coup1 i n g  between the 
unsprung mass(es) and the foundation vehicle. 
The two wheel spindles are "steered" to  equal b u t  opposing s l i p  
angles by an electrohydraulic servo system which incorporates two se ts  of 
actuating cylinders as shown in Figure 5. The linkage arrangement which 
mechanically couples b o t h  spindles together permits the use of a single 
control loop, operating on the feedback signal from the one instrumented 
wheel while assuring common s l ip  angles, side-to-side, even in the event 
of a servo power fai lure .  
The system permits mounting of any t i r e  within the 30 to 48 inch 
range of f ree diameters and which i s  less than 18 inches in cross-section 
width .  The measurement of t i r e  force and moment conditions i s  achieved 
by way of a serial  mu1 ticomponent load cell  which transduces la teral  and 
vertical force components as well as a1 igning moment. 


Data signals from ei ther  the longitudinal or lateral  t e s t  apparatuses 
are conditioned and recorded within a tractor-mounted module. The module 
serves as a self-contained data acquisition laboratory as well as the 
operator 's  station for selecting and in i t ia t ing  t e s t  control functions. 
As shown in Figure 6 ,  the operator's module provides an array of hard- 
wired electr ical  controls in addition t o  certain pneumatic and hydraulic 
control elements. 
2 . 2  Test Procedure 
The mobile dynamometer exercised each t i r e  i n  the longitudinal and 
lateral  traction t e s t  series according to one basic matrix of conditions. 
The matrix included a single value of load, and the application of s ix  
sweeps of e i ther  longitudinal or la teral  s l i p  for  each of two speeds and 
two surfaces. The overall t e s t  sequence required approximately 1-1 12 
hours with each t i r e .  In addition to  traction measurements, certain t e s t  
condi ti on measurements were a1 so made concurrently w i t h  the tes t ing of 
each t i r e .  The recorded data signals included the following: 
Fx longitudinal force 
F~ 
1 ateral  force 
vert  i ca 1 1 oad 
'!I' t e s t  vehicle velocity 
CI) wheel angular velocity 
0, s l i p  angle 
Clata being recorded on FM magnetic tape were played back simul- 
taneously and displayed to the t e s t  vehicle operator on a pen-chart 
recorder to provide for continuous assurance of nominal data qua1 i t y .  The 
tractioln measurements were made a t  the Transportation Research Center of 
Ohio. Shown i n  Figures 7a and 7b  are diagrams of the Vehicle Dynamics 
Area a t  T R C y  which provided an asphalt t e s t  surface, and the Skid Pad 
faci l  i ty ,  which provided a pol ished concrete t e s t  surface. Tests were 
conducted on both surfaces using an on-board watering system for  laying 




N - 1 , 1 8 0 0 f t  
Figure 7a. Vehicle Dynamics Area a t  t he  Transpor ta t ion  Research Center 
of Ohio (TRC) . 
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Figure 7b. S k i d  Pad a t  TRC.  
system f l o w  r a t e  was ad jus ted  i n  p ropo r t i on  t o  v e h i c l e  speed i n  o rde r  t o  
es tab l  i s h  a  cons tan t  0.020-inch nominal depth o f  t he  d e l i v e r e d  water  f o r  
t h e  two t e s t  speeds, 40 and 50 mph. The f o l l o w i n g  1  i s t s  s t a t e  t he  pro-  
cedura l  s teps by which were ob ta ined  t he  1  ongi  t u d i  na l  and 1  a t e r a l  t r a c t i o n  
measurements, r e s p e c t i v e l y .  
Long i t ud ina l  T r a c t i o n  Test  Sequence 
1. I n i t i a l  measurement o f  t h e  hardness o f  t h e  t i r e ' s  t r ead  
i s  made. 
2. The t i r e  i s  mounted on t h e  t e s t  machine, loaded t o  4,620 
1  bs, and i s  i n f l a t e d  ( c o l d )  t o  a  pressure of 85 p s i  f o r  
b i a s  t i r e s  and 90 p s i  f o r  r a d i a l  t i r e s .  
3. The machine i s  moved t o  t h e  aspha l t  t e s t  t r a c k  (VDA) w i t h  
t he  t i r e  r a i s e d  and p r e t e s t  c a l i b r a t i o n  o f  i ns t rumen ta t i on  
i s  performed. Measurements a r e  made o f  t h e  temperatures 
of t h e  d r y  aspha l t  pavement sur face  and t he  temperature o f  
t he  water i n  t h e  on-board wate r ing  system tank. Weather 
c o n d i t i o n s  a r e  logged, i n c l u d i n g  ambient temperature,  wind 
v e l o c i t y  and d i r e c t i o n ,  and t h e  general sky c o n d i t i o n  
(sunny, overcast ,  e t c . ) .  The t i r e  i s  lowered and loaded 
t o  4,620 1  bs. 
4. Three warm-up laps*  ( ~ 5 . 7  m i l e s )  a r e  performed on t he  
aspha l t  t r a c k  a t  a speed o f  50-55 mph. 
5. A pre-wet l a p  i s  made, d e l i v e r i n g  0.020-inch dep th  of 
water a t  40 mph and per forming s i x  brake appl  i c a t i o n s  
( t ime t o  peak t r a c t i o n  0.3 sec t 0.1 sec) w i t h  t h e  locked-  
wheel c o n d i t i o n  be ing  sustained-for 1  second and w i t h  a  
1-second pause between t h e  re lease  o f  t h e  brake a t  t he  end 
o f  one c y c l e  and t h e  r e a p p l i c a t i o n  o f  t h e  brake a t  t h e  
i n i t i a t i o n  o f  t h e  next .  
6. Step 4  i s  repeated bu t  t e s t  data a r e  recorded throughout  
t he  b rak ing  sequences. 
7 .  Step 6  i s  repeated, except a t  a  speed of 50 mph. 
8. Themachine i s  stopped, t h e  t i r e  r a i sed ,  and c a l i b r a t i o n  
o f  t h e  i ns t rumen ta t i on  performed. The t i r e  i s  inspected 
f o r  damage. 
9. The machine i s  moved t o  t he  po l  i shed  conc re te  t e s t  t r a c k  
( s k i d  pad), stopped, and t h e  t i r e  loaded t o  4,620 1  bs. 
* A l l  t e s t s  on t h e  aspha l t  t r a c k  a r e  made w i t h  t h e  t e s t  machine 
moving i n  one d i r e c t i o n  ( sou th ) .  
10. The t e s t  lane  o f  t h e  concrete sur face i s  pre-wetted, 
heading south, a t  40 mph. 
11. Three brake app l i ca t i ons *  a re  made, heading nor th ,  a t  
40 mph d e l i v e r i n g  water and record ing  t e s t  data. 
12. Step 11 i s  repeated (heading south) .  
13. Two brake a p p l i c a t i o n s  a re  made, heading nor th ,  a t  50 
mph d e l i v e r i n g  water and record ing  data. 
14. Step 13 i s  repeated (heading south) .  
v 
15. Step 13 i s  repeated (heading no r th ) .  
16. The machine i s  stopped, t h e  t i r e  ra ised ,  and a c a l  i b r a -  
t i o n  o f  the  ins t rumenta t ion  performed. The t i r e  i s  
inspected f o r  damage. The temperature o f  the  d r y  concrete 
sur face i s  then measured. 
17. A f i n a l  measurement o f  t he  t r ead  rubber hardness i s  per-  
formed a f t e r  the t i r e  has been dismounted and cooled t o  
room temperature. 
La te ra l  T r a c t i o n  Tes t  Sequence 
1. I n i t i a l  measurement o f  t h e  hardness o f  t he  t i r e ' s  
t r ead  rubber  i s  made. 
2.  The t i r e * *  i s  mounted on t h e  t e s t  machine, loaded t o  
4,620 l b s  and i t s  c o l d  i n f l a t i o n  pressure s e t  t o  85 p s i  
f o r  b i as  t i r e s  and 90 p s i  f o r  r a d i a l  t i r e s .  
The machine i s  moved t o  t h e  aspha l t  t e s t  t r a c k  (VDA) w i t h  
t he  t i r e  r a i s e d  and a p r e t e s t  c a l i b r a t i o n  o f  i ns t rumen ta t i on  
i s  performed. Measurements a r e  made o f  t h e  temperatures o f  
t he  d r y  aspha l t  pavement sur face  and the  temperature o f  t he  
water i n  t he  on-board wate r ing  system tank. Weather condi -  
t i o n s  a re  logged, i n c l u d i n g  ambient temperature, wind 
v e l o c i t y  and d i r e c t i o n ,  and t h e  general  sky c o n d i t i o n  
(sunny, overcast,  e t c . ) .  The t i r e  i s  lowered and loaded t o  
4,620 I b s .  
4. Three warm-up l aps  a re  performed (-5.7 m i l e s )  on t h e  
aspha l t  t r a c k  a t  a speed o f  50-55 mph. 
-- 
*More than one pass over  t h e  concre te  sur face  i s  needed i n  o rde r  
t o  f i t  the t r a c t i o n  t e s t  cyc les  onto t h e  a v a i l a b l e  l e n g t h  o f  t h i s  low- 
f r i c t i o n  sur face.  A t  40 mph, t h r e e  lockup cyc les  a r e  conducted w i t h  each 
pass. A t  50 mph, two lockup cyc les  a r e  conducted per  pass. 
**A "durmy" t i r e  must be i n s t a l l e d  i n  a complementary p o s i t i o n  t o  
balance s i de  forces on t h e  t e s t  machine. 
A pre-wet l ap *  i s  made, d e l i v e r i n g  0.020-inch depth o f  
water a t  40 rnph and per forming t h e  f o l l o w i n g  1 i n e a r  s l i p -  
angle sweeps a t  a  r a t e  o f  8  deg/sec: O0 t o  20' t o  O0 t o  
20" t o  0" (new t i r e  o n l y ) .  
A data- record ing run  i s  made on t h e  nex t  l a p  w h i l e  execut-  
i n g  t h e  s l i p  angle sequence** shown i n  F igu re  8a. 
Step 6 i s  repeated, except  a t  a  speed o f  50 mph. 
The machine i s  stopped, t h e  t i r e  ra ised ,  and a c a l i b r a t i o n  
of t h e  i ns t rumen ta t i on  performed. The t i r e  i s  inspec ted  
f o r  damage . 
The machine i s  moved t o  t h e  po l i shed  concre te  t e s t  t r a c k  
( s k i d  pad), stopped, and the  t i r e  lowered and loaded t o  
4,620 I b s .  
The t e s t  lane  o f  t he  concre te  sur face  i s  pre-wet ted,  
heading south, a t  40 rnph. 
A da ta - record ing  run  i s  made on t h e  nex t  l ap ,  heading nor th ,  
w h i l e  execu t ing  t he  s l i p  angle sequence shown i n  F igu re  8b 
a t  40 mph. 
Step 11 i s  repeated (heading sou th ) .  
Step 11 i s  repeated (heading n o r t h ) .  
A da ta - record ing  run  i s  made on t h e  nex t  l a p ,  heading 
south, w h i l e  execut ing t h e  s l i p  angle sequence shown i n  
F igu re  8c a t  50 mph. 
15. Step 14 i s  repeated (heading n o r t h ) .  
16. Step 14 i s  repeated (heading sou th ) .  
17. The v e h i c l e  i s  stopped, t h e  t i r e  l i f t e d ,  and a c a l i b r a t i o n  
of t h e  i ns t rumen ta t i on  performed. The t i r e  i s  inspec ted  f o r  
damage. The temperature o f  t he  d r y  concre te  surface i s  
measured. 
18. A f i n a l  measurement o f  t h e  t r e a d  rubber  hardness i s  per -  
formed a f t e r  t he  t i r e  has been dismounted and coo led  t o  
room temperature. 
* A l l  t e s t s  on t h e  aspha l t  t r a c k  a re  made w i t h  t h e  t e s t  machine 
moving i n  one d i r e c t i o n  ( sou th ) .  
**The s l i p  angle sequence i s  se lec ted  t o  p rov ide  s i x  " l egs "  of 
swept s l  i p  angle-three upgoing and t h r e e  downgoing. On t h e  aspal  t 
surface, t h e  s i x  " l egs "  a r e  achieved i n  a  cont inuous,  th ree-cyc le ,  tri- 
angu la r  waveform. On t h e  concre te  surface, t h e  s i x  " l e g s "  a r e  achieved 
by means o f  i n d i v i d u a l  f two-1 eg) t r i a n g l e s .  
---..-...I ---- 
TIME 
Figure 8. SLIP ANGLE TEST SEQUENCE FOR TESTS ON: 
( a )  Asphalt Surface @ 40 & 50 MPH 
(b) Concrete Surface @ 40 MPH 
( c )  'Concrete Surface @ 50 MPH 
In addition to traction measurements on truck t i r e s ,  measure- 
ments of the ASTM skid number were also made by TRC on the asphalt and 
concrete surfaces before and af te r  the t e s t  program. 
The 1 ongi tudi nal and 1 ateral  t e s t  procedures were conducted over 
a 13-tire sequence. Listed in Table 1 are the sequences in which each of 
the coded t i r e s  was tested. The code l e t t e r s  indicate the following: 
"C" represents a control t i r e  
"RR and RL" represent Radial -ply carcass constructions 
with Ri b-type and - Lug-Type tread patterns, respectively 
"BR and BL" represent Bias-ply carcass constructions 
with Rib-type and - ~ug-Type tread patterns, respectively 
Tab1 e 1 . Sequence in Which Ti re Samples Were Tested. 
Longi tud.i nal Series Lateral Series 
Tire Code Nos. : Control Test Control Test 


















2.3 Data Processing 
The block diagram shown in Figure 9 describes the different stages 
of data processing for b o t h  the longitudinal and lateral  traction measure- 
ments. The in i t i a l  steps in bo th  processing sequences a re  nearly identi- 
cal , differing only in the amount of analog f i l te r ing  used and the rate  
a t  which data was digitized. The principal differences between lateral  
and longitudinal data processing occur following the analog-digital con- 
version, during the d ig i ta l ,  "post-processing" calculations. 
2,,  3.1 Longitudinal Tire Force Data Processing. The longitudinal 
t i r e  force d a t a  were f i l tered a t  10 Hz through single-pole f i l t e r s  and 
digitized a t  approximately 150 Hz. The variables digitized included 
longitudinal force (Fx),  vertical load ( F a  brake torque ( T b )  , rotational 
velocity ( w ) ,  and wheel translational velocity ( V ) .  
The digital  processing involved ( a )  calibration of each channel 
based on the zero, full-scale,  and zero data signal levels which are 
recorded before and a f te r  each t i r e  t e s t  sequence and based on the known 
load cell  cross-tal k sens i t iv i t ies ;  ( b )  digital  smoothing of each channel 
by a simple seven-point moving average calculation; ( c )  local least-  
squares curve f i t t i n g  of each normal ized traction (Fx /Fz)  versus longi- 
tudinal s l ip  data set  in order t o  obtain normalized traction d a t a  a t  
specific: values of longitudinal sl ip for subsequent averaging; and (d)  
final averaging of a l l  valid t e s t  repeats, a t  each s l i p  level along the 
way toward 1 oc k u p ,  for each 1 oadinglveloci ty condition in the t e s t  ser ies .  
The 1 east-squares curve-fi t t ing  procedure referred t o  above involves 
performing a  1 inear least-squares regression for  four digit ized pairs of 
) and calculating new d a t a  pairs of (Fx/FZIk vs sl ipi ) 
k 
a t  specified values of s l i p  from the regression. This regression pro- I k 
cedure i s  repeated for the ent i re  range of data from 0 s l i p  t o  1.0, sh i f t -  
ing by one point each time i t  i s  performed. The specific values of s l i p  I k 
were in increments of 0.02 from 0 t o  0.20 and in 0.05 increments from 0.20 
t o  1.0. 

A  f i n a l  average t a b l e  was produced f rom a  simple average o f  a1 1  t h e  
i n d i v i d u a l  F ~ / F ~ / ~  vs s l i p 1  t ab les .  Each f i n a l  average t a b l e  appears 
k  
i n  a  p r i n t o u t  o f  t h e  form shown i n  F igure  10, w i t h  a  t a b u l a t i o n  o f  SLIP 
and MUX ( a  F  /F ) Brake to rque  (TORQUE) and l o n g i t u d i n a l  t i r e  force 
- ' l k  
(FX) a l s o  a r e  shown i n  F igure  10. The summary numerics appearing on t h e  
r i gh t -hand  s i de  o f  F igure  10 a re  de f ined  as f o l l o w s :  
TQAV i s  t he  average brake to rque  a t  wheel l o c k  ( =  Fx Loaded 
Radius) i n  l b s .  
LOAD i s  t h e  average v e r t i c a l  l oad  p r e v a i l i n g  j u s t  p r i o r  t o  a  
brake a p p l i c a t i o n ,  l bs .  
VEL i s  t he  nominal v e l o c i t y  a t  which t h e  t e s t  sequence was 
conducted, mph. 
MUPEAK i s  t h e  peak va lue o f  F  /F f rom t h e  f i n a l  average t a b l e .  
~ l k  
MULOCK i s  t h e  locked-wheel va lue  o f  F  /F f rom t h e  f i n a l  
' i k  
average tab1 e. 
RATIO i s  t he  r a t i o  o f  MUPEAK t o  MULOCK. 
F igu re  11 shows t h e  nex t  page inc luded  i n  t h e  p r i n t o u t  which con ta ins  a  
p l o t  o f  MUX VS SLIP. The above numerics a r e  d u p l i c a t e d  a t  t he  bottom o f  
t h i s  page f o r  convenience. 
F i gu re  12 i s  an a d d i t i o n a l  page f r om t h e  p r i n t o u t  showing values o f  
F  /F f rom each o f  t h e  i n d i v i d u a l  lockup  cyc les  a t  t he  c i t e d  t e s t  condi -  
z j k  
t i o n s ,  allong w i t h  t h e  va lue o f  s l i p  a t  which each peak occurred. These 
values a,re shown i n  t h e  F igu re  12 p r i n t o u t  as MU-PEAK, SLIPBPEAK, and 
MU-LOCK. Average va lues and s tandard d e v i a t i o n s  f o r  t h e  i n d i v i d u a l  MU-PEAK 
and MU-LOCK values a r e  shown as t he  l a s t  two i tems on t h e  F igu re  12 

















2.3.2 Lateral Tire Force Data Processing. Lateral t i r e  force 
data were f i l t e red  a t  10 Hz through three-pole f i l t e r s  and digit ized a t  
50 Hz. Four variables were digit ized; namely, la teral  force ( F  ) ,  
Y 
vertical load F ) ,  s l i p  angle ( a ) ,  and forward velocity ( V ) .  
A s  in the case of the longitudinal force data, the digi ta l  pro- 
cessing scheme involved ( a )  calibration of each channel based on the zero, 
ful l -scale ,  and zero data signal levels which were recorded before and 
a f t e r  each t i  re t e s t  sequence and on the 1 i near 1 oad ce l l  cross-tal k 
sens i t iv i t ies ;  ( b )  d igi ta l  smoothing of each channel by a simple nine- 
point moving average; ( c )  construction of individual normal ized traction 
( F  / F  ) versus s l i p  angle ( a )  tables for each positive-going and negative- 
Y Z  
going "lleg" of the triangular s l i p  angle waveform; and ( d )  averaging of 
the individual ( F  /F  ) versus a tables into one final average table. The 
Y Z  
individual and average tables used a one-degree increment in s l i p  angle 
t o  describe the ( F  /F  ) versus a characteristic.  
Y Z  
T h e  printed o u t p u t  from the la teral  force processing includes 
( a )  individual tables of F / F  versus a (one for  each "leg" of the t r i -  
Y Z  
angular waveform of a ) ,  ( b )  the corresponding average table ,  and ( c )  a 
print-plot of the average F / F  versus a data. 
Y Z  
Figure 13 shows a sample printout of an individual table. The 
labels ALPHA, FY, FZ, and MUY correspond to s l i p  angle ( a ) ,  la teral  t i r e  
force ( F ' )  vertical load ( F ) ,  and the normalized traction coefficient 
" 
( F  /F ) ,  respectively. Figure 14 shows a sample printout of an average 
Y Z  
table. The same column heading definitions apply to t h i s  table ,  with the 
additionlal numerics defined as follows: 
AVE. LOAD i s  the average vertical load prevailing jus t  prior 
t o  the in i t i a l  s l i p  angle application. 
PEAK MUY i s  the peak value of (F / F  ) = MUY occurring in the 
Y Z  
average ta bl e. 
@ALPHA i s  the s l i p  angle value corresponding to  the PEAK MUY 
val ue . 
BLOCK 53 
Figure 13. Sample printer output--lateral force individual table. 
2 
3 
a n u m ~ u m ~ ) u m ~  
8 2 K E c G . S ~ - m P : v v a 7 v w - 3  
3 0 - ~ N m a P ~ i n i n * u u u u u u u ~ u ~  . . . . . . .  g . . . . .  . . 
s o o o o o o o o o o o o o o o o o o o o o o  
2 
5 
AVE. PEAK MUY i s  the average of the peak values of ( F  /F ) 
Y Z  
shown on the individual ( F  /F ) versus a tables. 
Y Z  
STD. DEV. i s  the standard deviation o f  the AVE. PEAK MUY value. 
Finally, Figure 15 shows the corresponding print-plot for  F / F  
Y Z  




PROCESSED RESULTS OF LONGITUDINAL TRACTION TESTS 
I n  t h i s  sec t ion ,  computer-processed r e s u l t s  from t h e  l o n g i t u d i n a l  
t r a c t i o n  t e s t s  conducted on t he  e i g h t  t e s t  t i r e s  and f i v e  c o n t r o l  t i r e s  
a r e  presented. Resul ts  appear i n  t h e  f o l l o w i n g  form: 
1 )  A t a b l e  o f  values represen t ing  t h e  averaged normal i z e d  
t r a c t i o n  fo rce ,  MUX, versus s l i p  f o r  t h e  s e t  o f  repeated 
I 
lockup cyc les .  
2)  A p r i n t - p l o t  o f  t he  average MUX versus s l i p  curve.  
3 )  A l i s t i n g  o f  t h e  values o f  c e r t a i n  numerics summarizing 
t h e  t r a c t i o n  measurements ob ta ined  i n  each o f  t h e  i n d i -  
v i d u a l  repea t  lockup cyc les .  
The presented numerics a re  de f i ned  i n  Sec t ion  2.3 o f  t h e  t e c h n i c a l  
r e p o r t .  A1  toge ther ,  each t i r e  i s  represented i n  t h e  da ta  1 i s t i n g  by f o u r  
se t s  o f  pages; t h a t  i s ,  one s e t  o f  pages f o r  each o f  t h e  f o u r  combinat ions 
o f  su r face  t ype  and t e s t  speed. Each s e t  o f  pages i nc l udes  t he  t h r e e  
i tems c i i ted  above; t h a t  i s ,  two t a b u l a r  p resen ta t i ons  and a  p l o t  o f  t h e  
average MUX versus s l i p  curve.  
The t r a c t i o n  da ta  p resen ta t i on  i s  preceded by a  t a b l e  summarizing 
t h e  " c o n d i t i o n  data"  p e r t a i n i n g  t o  t i r e  and weather c o n d i t i o n s  p r e v a i l i n g  
a t  t h e  t ime o f  each t e s t .  

I n f l a t i o n  Pressure. 
T i r e  Code p s i  
No. Cold Hot 
C-1 85 94 
BR-1 85 94 
R R - I  90 97 
C-2 85 94 
BL-1 85 96 
Shore A Rubber 
Hardness 







O F  
Asphalt Concrete 
68 7 1 














O F  
Rela t ive  Barometric Wind Comp. 
Hurnidi t y  Pressure D i rec t i on  
% i n-Hg Deg . 
78 28.6 31 5 
68 28.6 350 
55 28.6 270 
44 28.7 297 
46 28.7 270 
Wind 







RL-1 90 104 62.1 59.6 78 76 55 Sunny 71 4 7 28.9 180 4-7 
C-2 8 5 97 50.0 55.0 7 2 72 53 Cloudy 7 1 49 28.9 180 4-7 
BR-2 85 96 57.6 60.6 71 70 54 Cloudy 70 50 28.9 180 3-5 
RR- 2 90 99 62.1 60.1 ' 6 9  7 2 55 Pt. Sunny 67 61 28.9 151 6 
C-1 85 98 49.8 50.8 74 7 1 56 Pt.  Sunny 69 6 1 28.9 151 3-5 
DL-2 85 98 57.6 56.2 79 76 55 Sunny 7 3 58 28.9 135 5-10 
RL-2 90 103 61.7 58.2 82 82 61 Pt. Sunny 79 57 28.9 189 11-13 
C- 1 85 93 49.8 50.8 82 82 64 Cloudy 78 53 28.9 198 12-14 
Longi tudinal  Tract ion - Condit ion Data 
- 
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*+ A-0 F I L E  25 N E W F I L E  6 TEST  SAMPLE107 ** 
AVERAGE OF F I L t  2 5  FOR 6 PECOPDS. T I R E  B R I  WET CONCRETE I TRC 1 
M l l X  TORQUE F X 
1 6 5 7 o O  
1 6 8 2 . 1  
1 6 9 9 . 5  TQAV = 2 9 1 0 4 . 2  L O A O z  4 6 4 2 . 8  VEL = 4 0 - O M P H -  
1 7 1 6 . 2  
0 . 3 9  49532 - 4  1 7 5 5  -8 MUPEAK = 0.41 HULOCK 0 . 3 1  R A T I O  s 1 - 3 0  

Y 
a a e a - * o  
~ m a u u r m m  
a m m u u m m  
I . . . . . .  








S L I P  
0.0 
0.0 2 
AVERAGE Of- F 1 L C  31  FOI*. 5 h E C 0 R D S .  
MLJ X TClRQlJE 





0.65 66070 -9 







0.66 84098 -6 
0.64 85 173.1 





0 -52 87913.5 





























YET A S P H A L T  1 T R C J  
TOAV = 40349.9 L O A O E  4605-0 VEL = 50.0RPH. 
WUPEAK = 0.73 MULOCK = 0.43 R A T I O  = 1-72 













































** A-D F l  LE  35 NEW F I L E  LO T E S T  S A M P L E 1 1 1  ** 
F I L E  35 FOR 6 RECORDS. T I R E  R R l  WET CONCRETE (TRC)  
TORQUE F X  
TQAV = 3135402 LOAD 4592-  7 V E L  = 40.0 HPH. 





r c z  




a u e v - + d  E g ' " ' t 9  u . t m g P  






S Y  
ul s 
a d 
Y t ,I 
a m * o l - u r n  
U 4 V . ? * . n -  
i r 
c a 3 9 c . n m r c  
I * . . . . .  
3 0 0 0 0 0 0  r 
S L I P  
0  .o 
0 .02 
0 .04 
0  -06 
0 .08  
0 .10 
0.12 
0 . 1 4  
0 .16  
0 .18  
0 .26  
0 .25 
0.30 
** A - 0  F l LE  47 NEW F I L E  13 TEST  SAMPLE115  *+ 
AVERAGE O F  F I L  t 47 FOR t RECflRDS. T I R E  CZ MET CONCRETE I T R C )  
NUX TnRQUE FX 
TQAV 2 9 3 1 2 . 5  LOAD = 4751.9  V E L  = 40.0  MPH. 
MUPEAK r 0.45 HULOCK = 0 . 2 8  R A T I O  as 1 - 5 8  

NU-PEAK AVERAGE VALUE AND STD. D E V I A T I O N  : 0.448 





** 4-0 FILF 55 
AVERAGE OF F I  LE 55 FOR 4 RECnROS. 
HUX TORQUE 
0.00 0 00 
0. 18 14077.5 
0 -28 25471.4 
0.39 36042.8 
0.46 43522.3 
0 -52 49 127 - 6  
0. 58 54713.4 
0.62 59208.0 
0.64 62477.5 
0 65 64934.5 
0 -66 67035 -4  
0.66 70759- 7 
0 -65 7326907 
0.64 14973.4 
0 63 76425.8 
0.63 77792.3 
0.62 78876.8 
0.61 79875. 1 
0.60 80930.6 
0.59 81879.5 
0.59 8 1486 1 
0- 58 78580.9 
0.57 7 1689 -4  
0.56 65491.7 
0.55 59544.3 
0 a54 53223.5 
0 . 5 0  45250.0 
TQAV = 45250.0 LOAD = 4801.1 VEL = 40.0 HPH. 
HUPEAK = 0.66 HilLOCK = 0.50 R A T I O  = 1.31 
N E k  F I L E  L5 TE ST SAMPLE1 17 ** 
TIRE EL1 WET ASPHALT ( T R C B  
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I * -----------------------1------------------------1------------------------1------------------------ 
0 .o LONGITUDINAL S L I P  100.00 
F Z  = 4670.4 VEL = 50 .0  MIILOCK = 0 .24  MUPEAK = 0.34 R A T I O  = 1.40 4 - 0  F I L E  6 1  N W F I L E  18 SAMPLE 120 
. . * 















** 4-0 EILE 70 
AVERAGE OF FILE 70 F O R  6 RECORDS. 
H U X  TORQUE 
0.00 0 .O 
0.21 2 2894.0 
0.35 37709 93 
0.47 48405.9 
0.58 58 18 1.4 
NEW FILE 19 T E S T  SAMPLE121 ** 







TQAV 4987409 LOAO = 4782-0 VEL 40.0 MPH. 
MUPEAK = 0-76 MULOCK 0.69 R A T 1 0  = 1-55 

- .  
I . . . . . .  




E C O O O O O O  
r e l n a L n m o o a 0  
N N I N N d  k " , . . . . .  
, 0 0 0 0 0 g d  
r/l 
I . . . . .  
3 0 e Q O O C ; d  
r 
** A - 0  F I L E  75 
A V E R A G t  I IF  F I L E  75 FOR 6 RECORCS. 
MlJX TORQUE 
0 .oo 0.0 
0. 14 15340.4 
0.21 23864.6 










0.30 48875 -5 
0.29 50578.1 
0.29 52 145.1 
0.28 53667 L 




0.27 57664 -2  
0.27 53525.3 
0 -27 446 19.3 
0.26 38699.8 
0.26 32659.5 
0.25 2429 1.7 
* 
NEW F I L E  21 TEST SAMPLE123 ** 
T I R E  R L l  WET CONCRETE (TRC) 
F X 
0.0 


























T Q A V  = 24291.7 LOAD = 4730.6 VEC = 40.0 MPH. 


AVERAGE OF F I L E  7 6  F i l R  ti H E U I R D S .  V I R E  RL 1 
M U X  TORQUE FX 
E t )%CRETE 4 TRC 8 
TQAV = 2 0 0 2 0 0 8  LOAO = 4764.7 VEL 5 0 . 0  MPH. 



















MU-PEAK AVERAGE VALUE AND ST 0. OEV EAT I O N  : 0.788 0 .051  
MIJ-COCK AVERAGE VALUE A N D  STD. DEVIATION : 0 - 530  0 ,043 
S L I P  
0 .0  
0 . 0 2  
0 .04  
0 .06  
0  -08 
0 .10  
0 .12  
0 . 1 4  
0 .  16 
0 . 1 8  
0 . 2 0  
0 .25  
0 .30  
0 . 3 5  
0 .40  
0 .45  
0 . 5 0  
0 . 5 5  
0 .60  
0 . 6 5  
3 .70  
0 .75  
0 . 8 0  
0 .85  
0 . 9 0  
0 .95  
1 - 0 0  
AVERAGE O F  
MI1 X 
0 .00  
0 .18  
0 .31  
0 .43  
0 . 5 3  
0  -60  
0 .64  
0.65 
0 .65  
0 . 6 6  
0 . 6 6  
0.65 
0 .64  
0 .63  
0 .62  
0  -62 
0 .61  
0 .60  
0 .59  
0 . 5 9  
0 .58  
0 .57  
0 . 5 6  
0  5 4  
0 .53  
0 .51  
0 . 4 6  
TQAV = 47520.8  LOAD 4857.5  VEL 50.0 MPH- 
MUPEAK = 0 . 6 6  MULOCK = 0 . 4 6  R A T I O  = 1 - 4 2  
F l L t  84 FOR 6 RECORDS. i i r i E  C2 MET ASPHALT 1 T R C )  
TORQUE F X 
0 .o 0 .0  
19448.6  834.0  
33721.6  1462 .6  
44669.6  2006.7 
53707.8  2 4 5 2 - 5  
61721 .8  2822.5  
68443 .8  3056.4  
7 2 0 5 5 - 9  3102.2 
74423  .6 31 19.9 
76246.9  3124.3 
7 7 4 0 6 . 9  3110.4  
79607.8 3044.2 
81734.6  2975.2 
83352.1  2913.6 
84686. 3  2866 .0  
86036.1  2826.  1  
87266.8 2790.3  
88427.4 2759.6 
89567 .6  2726.4  
906 16.9  2690.7  
90498 .2  2656.2 
.+ 
87628.7 2622 -5 
79980.7 2587.9 
72395 - 6  2547.  1  
65358 .8  2487.6  
58202.4  2415.6  





x c x  0 
.. .* 
r c N N  m c 0 2 : C ;  z Z 
: ? ? * : :  i? C -
o o o d o o  c c 
4 a 
- 
@ a 3 F 9 4 *  
" 5 
9 @ N O F P  z 
4 : : : F r n  
d o o o d d  
k X 0 m m d m 9 m 9 9 P - a 0 0 ~ d d o 0 ~ O r - Q a m . t N ~  
c 3 q d ~ m m m m m m m m  m m m m m m m m  
r , . . . . . . . . . * . * . * . . . .  t . . . . .  







( D u 4 ) u m  
a a * N *  
N N N N N  
. . * * a  




u m r n 0 ~ 1  0 
L u m u r e e 2 *  
O m m F I N m m  







a ~ ~ c l b w *  
i u i n r n O . a S N  
a + +  ~ l - +  
I . . . . .  
3 0 0 0 0 0 0  
x 

























































** A-D F I L E  102 NEW F I L E  29 TEST SAMPLE 1 3 1  ** 
FOR 5 kECORDS. TIRE BR2 WET CONCRETE (TRCI 
TORQUE F X 
TQAV = 31575.0 LOAD = 4804.9 V E L  = 40.0 WPH. 






b e a m  
: w * m m  
d N N N N  
I * . . .  
- 0 0 0 0  z 
Y 
C O O O O  
a m 0  
E : d m  , 4 ! 4 2 u
4 0 0 0 0  > 
I * . . .  




L U W  




I . . . . .  
3 0 0 0 0 0  r 
q f 4 $ m m m L h L h h * N d  
I . . . . . . . .  
0 2 r n r n d ~ L h u ~ r - p -  
d O L h m Z Q b D S F  
r - m +  z 2 K z : a a Q  2 " "  N u 
m * * L h l n M ' n m Q 9 9  

LY 
P O O O O O O  
a m 0  L N ? s S N m  VI 0 
. I .  . 





** A-D F I L E  125 
AVERAGE IlF F I L E  125 FOR 5 RECORDS. 
HtJ X TORQUE 
0.00 0.0 
0.21 23613.8 
0 -35 37880.6 




0 -69 73663. A 
0.71 7631 8.6 
0.73 78892 3 
0.74 80948.5 
0.73 83803.9 
0 972 85742.3 
0- 71 8 7248.9 
0.70 88384.1 
0.69 89334 -6 
0.68 90249 9 
0 -67 91144.8 
0.65 9 1956 1 
0.64 92296.3 




0.59 74030 3 
0.57 68251.9 
0.55 62557 .O 
0.51 53574.9 
TQAV 53574.9 LOAD = 4934.6 V E L  40.0 MPH. 
MUPEAK = 0.74 MULOCK = 0.51 R A T I O  = 1.44 
NEW F I L E  35  TEST SAMPLE137 ** 
T I R E  C l  U E T  ASPHALT (TRC) 





































U . * * * . . . * *  * * . * e * . * * e . . .  I . . .  
x o m ~ ~ e v ~ ~ s ~ w ~ ~ ~ * n m ~ o - ~ d ~ ~ a L n  
W k 0 d m R 9 b Q O N * m l n * N @ m O I  m u ' m  
Y 2 $ $ d m m m m m m * * * * u * * m m m N Z r ( o a  

I . . . . . .  






I . . . . . .  








1 Q A V  = 2491607 1 OAD = 4779.6 V E L  = 40.0 MPH. 
NUPEAK = 0.39 MULOCK = 0.25 R A T I O  = 1.55 
** A - 0  t I L E  144 NEW F I L E  41  TFST  SAMPLE143 ** 
A V f P A G C  OF F I L E  144 FOP 6 H E C I I P D S .  T I R E  D l 2  MET CnNCRFTE I T R C )  
M U X  l l l R  QUE F X 
0.30 0 . O  0.0 
0.16 16536.8 722 - 2  
0.24 24937.0 11 19-  1 
0.29 30843.8 1364.3 
0.33 35259.2 1534.7 
0 -35 38590.8 1622.4 
5.35 41017.6 1661  .L 
0.36 42690.3 1687.7 
0.37 44037.0 1705.7 
0.37 45347.8 1722.1 
0.38 46609.2 1739.3 
0.38 49054.6 1779.0 
0.39 5 1  163.4 1801 a 9  
0 . 3 8  53340.1 1797.5 
0. 38 55229.5 1778.1 
0.37 56807.9 1745.1 
0.36 56177.2 1699.5 
0.35 59416.3 1654.6 
0.34 60642.1 1609.4 
0.33 61402.7 1563.7 
0.33 61622.5 1519.8 
0.32 59030 -6  1480.6 
0.31 53941.5 1447.0 
3 .3.3 47056.1 1417.8 
0. 29 40767.9 1373.1 
0.78 34523.1 1321.8 
0.25 24916.7 1164-5 

Y 
U l h r S I V - r P  
i L - s a ? m s i n  
c v m m ~ l r m  
I . . . . . .  





h P 4 N L o  
$ Z 2 6 l N N N  
4 h' N N N N  
I '  . . . I  
~ C c ; O O O C 3  
z 
I . . . . .  
= , o  0 0 0 0 6 
E 
S L I P  



























** 4-1) F I I F  152 
A V F R A G F  I l F  F I L E  L52 FOR 6 P E C I I P D S .  
NllX TORQUE 
0.00 0 .fi 
0.23 22863 .b 



















0.62 90523 -8  
0.61 85350.1 
0 -60 75903.8 
0.5a 69641 -9  
0.57 60974.4 
1?.53 51895 -8 
bJf.W F I l F  43 f E S T  SAMPI E l 4 5  ** 
1 I R E  R L 2  WE1 ASPHALT I CRC) 
TQAV = 51895.8 L O A D  = 4713.8 VEL = 40.0 HPH. 
HUPEAK = 0.74 HULOCK = 0.53 R A T I O  = 1.40 

I . . . . . .  






4 CL - 
iL U 
4 u 
- ~ ~ 0 ? ~ 9 y ~ ~ ; ~ ~ ~ ~ ~ ~ y ~ ; ~ " ; m o m ~ m ~ ~ a  - . . . . . e . .  
' g d - ~ m m N ( r ~ 0 : g ~ ~ ( r o - ~ m n o a ~ m N ~ -  = cz m r n + m c m u ~ , s ~ m  u ~ - m d m , t  
& Z E  d @ * 5 * ~ * N + N Z @ 2 ~ ~ $ % ~ ~ U 3 0 ~ N Q d  P O N ~ N ~ D ~ U N ~ Q ~ Q ~ U ~ ~ ~ N N N Q U ~ O ~  






~ x ~ ~ ~ ~ m u m ~ m m m m m m n m ~ ~ ~ m m ~ - - o e +  
= = ? ~ ~ ; ; ; ? ? ~ m m m m m m m m m q ; y r n m m m ~ ~  
t . . . . . . . . I * . . . .  















d N N  
n m m  
I .  






4 r n N N P  
L L l ( c o m u -  
c F m rn fl 
I . . . .  




U N ~ ~ V \ S *  
c m  c N ' n . 7 -  
, @ ' u * m V I m  
I . . . . . .  







G' m 9 
a * .  
U V O U  
= Z ~ Z u m 9 9  
i . . . . * . *  


AVFH4C.l  (16 f I Lt 1 7 1  FOP , JCLCORCS. 
M U X  TCIROlJC 
0 .00 0.3 
0 . 1 6  8 169. A 
0 - 2 5  18012.5 
0.32 27213.7 
0.36 33075.3 











0. 39  51357.4 
0.39 53005.3 
0.38 54846 - 6  
0.37 56985.4 
0.36 57820.8 
TQAV = 20658.3 LOAD = 4744.2 VEL = 40.0 HPH. 
MUPEAK = 0.41 MJLOCK = 0.27 R A T I O  = 1 - 5 3  






























z .. 0. 
i j . t d l L - l * N  
. , m 9 ~ * P , ~  2 2 
J N * C J N N ~  
I . . . . . .  2 0, 
> 0 ~ 0 0 0 0  I- + 




? 0 6 0 0 0 0  dl 
r a r > a o o r  = 2 
a m m d m N m  -1 
- . I . . * I  a Q 
- r 0 0 0 0 C 0  > > 
I . . . . . .  - 
P l 3 c 0 0 0 0  
T Q A V  = 14812. 5 LO4D = 4682.7 V E L  = 5 0  .0 HPH. 
NUPEAK = 0.35 MULOCK = 0.21 RAT In = 1.65 
* *  A-D F I L E  172 NtW F I L E  5 1  TES1 SAMPLE152 ** 
, . 
A V E R A G E  IJF I - ILE 172 FOR 6 RECORDS. T I R E  C 1  WE T CONT-RETE [TRCI 
HUX TORQIJ E FX 
0 .oo 0. C 0.0 
G.16 13577.7 7 16.7 
0.25 23254.7 1147.0 
0.29 26913.4 1300.7 
0.30 31252.7 1375.7 
0.31 3 2 884.9 1432 -4  
0.32 34026 - 6  1478.5 
0.33 35929.2 1525.1 
0.34 38049.2 1564.9 
0.35 39383 1 1584.1 
0.35 39228.7 1596.3 
0 - 3 5  38129.0 1602.0 
0.35 38139.0 1579.6 
0.35 38283.7 1548.3 
0.34 40 134 .O 1521.3 
0.34 41722.6 1501 03 
0 -33 42747.8 1480.6 
0.33 43588.7 1459.5 
0.32 44369.1 1437.5 
0.31 45 114.1 1416.9 
0.31 46128.3 1387.2 
0.30 45182.5 1350.8 
0.25 41238.H 1312.7 
0.2R 33865.3 1272.2 
0.26 27 186 -9 1209.1 
0.25 2045 7.3 1138.6 
0.21 14812.5 980.5 

bi .. .. 
i ) O h ; L n d * * .  
C - + U N O O o  
d N N N N N r G  
Z z 
I . . . . . .  G 0 
I - 
3 0 0 0 0 3 0  C + 







A V F P A G r  [IF F I L E  1RO 









0 - 3 1  
0. 30 
0 . 3 0  
J.29 







0 . 2 2  
0.21 
c +  A-0  F l i E  186 NEH F I L E  53 1 t S T  SAMPLE156 ** 












































98  1 a 3  
945.8 
30 
TQAV = -1142.9 LOAD = 4726.2 VEL = MPtl. 
HUPEAK = 0. 3 1  MULOCK = 0.15 RATIO = 2.09 

Y 
Q C P O L ~ U ~ O ~  tuZLP=;;;""" , n N N  
I . . . . . . .  





5 . S O O O C ) O O  
S N G N *  Q U a + - + d 2 + d  
I . . . . . . .  
~ 0 0 3 c ! 0 0 0  
Ln 
Y 4 A 
e N G F Q 9 m L n  s z 
L . m m o m Q l s i n  
m . r m o n i m m  I . . . .  . . 
A V F P 4 G E  13F 





























TQAV = -87234.3 LOaD = 6207. L VEL = .C9=8 HPH. 
MUPEAK = 0.30 MULDCK = 0.14 RATIO = 2.19 
N E W t I L E  5 5  TEST SAMPLE150 ** 
T IN E NHTS4 WFT J F Y Y  1 TE ( T R C )  
F X  
0.0 
850 - 9  
1364.4 
1754.4 
1834 -6  
1858.3 
1868.3 










1351  -6 
1298.4 
1249.1 
1203.6 
1161.8 
1120.6 
1073.5 
1022.9 
9R3. t 
833.6 


